It has been suggested that introduction of double-strand DNA breaks into mammalian chromosomes can lead to gross chromosomal rearrangements through improper DNA repair. To study this phenomenon, we employed a model system in which a double-strand DNA break (DSB) can be produced in human cells in vivo at a predetermined location. The ensuing chromosomal changes flanking the breakage site can then be cloned and characterized. In this system, the recognition site for the I-SceI endonuclease, whose 18 bp recognition sequence is not normally found in the human genome, is placed between a strong constitutive promoter and the Herpes simplex virus thymidine kinase (HSV-tk) gene, which serves as a negative selectable marker. We found that the most common mutation following aberrant DSB repair was an interstitial deletion; these deletions typically showed features of non-homologous end joining (NHEJ), such as microhomologies and insertions of direct or inverted repeat sequences. We also detected more complex rearrangements, including large insertions from adjacent or distant genomic regions. The insertion events that involved distant genomic regions typically represented transcribed sequences, and included both L1 LINE elements and sequences known to be involved in genomic rearrangements. This type of aberrant repair could potentially lead to gene inactivation via deletion of coding or regulatory sequences, or production of oncogenic fusion genes via insertion of coding sequences.
Introduction
DNA double strand breaks (DSBs) appear in the genome of human cells on a regular basis [1] . These lesions can lead to cell death if left unrepaired, therefore it is crucial that cells repair broken chromosomes. Double strand break repair can occur via either homology-dependent or non-homologous mechanisms [2, 3] . Two forms of homology-directed repair have been identified. An intact copy of the sequence can be copied into the DSB from a sister chromatid or homologous chromosome [4] ; this repair process is conservative. There also exists a nonconservative type of homologous recombination repair known as single-strand annealing (SSA), in which DSBs are processed to single-stranded tails, and repair occurs via annealing of the single-stranded tail at a nearby direct repeat sequence [5] .
The second major form of DSB repair is non-homologous end joining (NHEJ), which does not require the presence of a homologous donor sequence. Short segments (1-4 nucleotides) of overlapping nucleotides (microhomologies) are often present at the NHEJ repair site [6] , suggesting that a short DNA overlap may be important for the religation of broken DNA ends. Since NHEJ is often accompanied by deletion or addition of nucleotides, NHEJ potentially compromises genetic information [7, 8] . Despite the propensity for introducing small genetic changes upon repair, NHEJ is thought to act as a caretaker of genome, since cells deficient in NHEJ often display genetic instability [9, 10] . To explain the presence of DNA end joining seen in systems lacking components of the NHEJ pathway, an alternative, highly error-prone NHEJ pathway has been proposed [11] .
It has been suggested that improper DSB repair can lead to gross chromosomal rearrangements (GCRs), such as translocations, deletions and inversions [12] . Indeed, many of the chromosomal translocation breakpoints seen in patients with hematopoietic malignancies display hallmarks of NHEJ, suggesting that erroneous DNA repair may play a role in malignant transformation [10, 13, 14] . Several model systems have been employed to investigate the link between DSB repair and GCRs. Following insertion of a complementary pair of mutant neomycin phosphotransferase genes (neo r ) into mouse ES cells [15, 16] , production of a specific DSB within the mutant neo r genes led to reconstruction of a functional neo r gene via homologous recombination. Although this approach allows one to detect homologous recombination, it does not identify repair processes such as NHEJ, which do not produce a functional neo r gene.
Loss-of-function reporter systems have also been used to gain information about mutations accompanying DSB repair in rodent cells. In these studies, a DSB was introduced either into the coding region of a Herpes simplex virus thymidine kinase (Tk) gene [17] or an intron of the phosphoribosyl transferase (APRT) gene [3, 18] . Nonconservative repair processes abrogated the activity of the reporter genes and enabled cells to survive in selection media. In another experimental system [19] , a DSB was introduced in an intron of the endogenous Tk gene of a human lymphoblastoid cell line, and aberrant DNA repair events were recovered by selecting for cells that had lost Tk activity. However, this assay favors the recovery of large scale changes, such as long deletions, and does not provide a means of assessing the frequency of short deletions.
We report here a loss-of-function reporter assay in which the outcome of the non-homologous repair of one single DSB can be studied in human cells. This approach provides an opportunity to analyze both the short deletions and the large scale changes that accompany the repair of a single, induced DSB.
Results

Design of the model system
We modified an existing experimental system (13, 14) to introduce a single DSB and identify cells that have sustained mutations accompanying the repair process. We generated a plasmid (pEF1αTk) that expresses the Herpes simplex virus thymidine kinase (HSV-tk) gene under the control of the EF1α promoter ( fig. 1A) , with the recognition sequence for the restriction endonuclease I-SceI interposed between the EF1α promoter and the HSV-tk gene. The I-SceI endonuclease, derived from the yeast Sacharomyces cerevisiae, has an 18 bp recognition sequence which is not present in the human genome [20] . The pEF1αTk vector can be introduced into mammalian cells, and those cells that have stably integrated the construct can be selected with G418. These cells will express HSV-tk and will therefore be sensitive to gancyclovir (GCV).
We electroporated the human monocytic cell line U937 [21] with the pEF1αTk plasmid and isolated clone F5, which contains a single copy of the construct ( fig. 1 ). Inverse PCR demonstrated that the construct had been integrated into chromosome 7 between nucleotides 112329914-112329932 (all chromosomal coordinates refer to the July 2003 freeze, based on Human Genome Build 34 from NCBI).
The F5 cells were then transfected with I-SceI expression vectors. For some experiments, we used an episomal vector (pCEP4-IsceI). As opposed to conventional plasmid vectors, in which only a fraction of cells that are successfully transfected will integrate the plasmid vector and supply ongoing antibiotic (eg., hygromycin) resistance, episomal vectors can supply ongoing antibiotic resistance in the absence of integration. This allows selection of relatively large numbers of unique, successfully transfected clones, selected solely on the basis of expression of the antibiotic resistance marker. In other experiments, we used previously described nonepisomal I-SceI vectors (pPGK3XnlsI-SceI and pCBASce). Since I-SceI cleaves DNA between the EF1α promoter and the HSV-tk gene; this cleavage might result in chromosomal aberrations due to an imperfect repair that separates the EF1α promoter from HSV-tk coding sequences. A combination of negative (GCV) and positive selection (G418) enabled us to recover cells that sustained different forms of genomic rearrangements ( fig. 1B ).
Expression of I-SceI in F5 cells
F5 cells were transfected with the episomal expression vector pCEP4-IsceI, which contains a hygromycin resistance cassette (hygro r ) and expresses the I-SceI enzyme under the control of a CMV promoter. Following transfection, the cells were grown in bulk, without any selection for 5 days, and were subsequently plated into 96 well plates at dilutions of 3, 9, or 27 cells per well. These plates were then selected with hygromycin alone (to identify cells that had been successfully transfected) or hygromycin and GCV. Although approximately 2.5% of the transfected cells were hygromycin resistant, only 0.4 % were both hygromycin and GCV resistant, indicating that approximately 84 % of the cells ) that were successfully transfected with pCEP4-IsceI continued to express a functional HSV-tk gene. This finding suggested that minimal or no genetic changes had occurred in most of the cells that were transfected with the I-SceI expression vector.
Using a series of PCR assays ( fig. 1A ), we found that half of the 22 clones selected on the basis of hygromycin resistance alone (termed 22-1, 2, 3 etc.) showed altered DNA sequences flanking the I-SceI cleavage site, indicating that the DNA had been cleaved and imperfectly repaired. Two clones had deletions of EF1α or HSV-tk, as evidenced by the inability to amplify any of the segments indicated in fig. 1A . Sequence analysis of PCR amplified fragments demonstrated that 4 clones displayed a short deletion (9, 7, 3 and 1 nucleotides), 1 clone displayed a larger deletion (55 bp), and 4 clones had more complex rearrangements due to DNA insertions at the I-SceI site. In these 4 clones the nucleotide sequence of the inserted DNA segments matched sequences from either the transfected episomal vector (1), or from distant regions of the genome (3) (table. 1).
As indicated above, half of the 22 clones that had been successfully transfected with the episomal I-SceI expression vector contained "germline" PCR fragments and did not show clear evidence for sequence changes at the I-SceI site upon sequence analysis. However, the chromatogram of several clones with "germline" PCR fragments exhibited an increase in background signal beginning precisely at the I-SceI site (not shown), suggesting that these chromatograms represented mixed clones, some of which had mutations at the I-SceI site. These results suggest that I-SceI mediated DSB occurred in at least half of the cells that were successfully transfected.
Improved recovery of cells with more extensive rearrangements
As shown above, 50% of cells transfected with the I-SceI expression vector exhibited mutations around the cleavage site. Given that malignant cells often display GCRs, we wanted to determine if we could increase the recovery of clones containing GCRs by modifying our detection scheme. We utilized the negative selection provided by expression of HSV-tk, and transfected cells with pCBASce, a non-episomal I-SceI expression vector.
Following transfection with the pCBASce vector, approximately 0.2 % of F5 cells were GCV resistant, and had retained G418 resistance, indicating that GCV resistance was not acquired through loss of the entire integrated chromosome. We anticipated that clones isolated in this fashion might have more extensive mutations, as clones with short (i.e., <20-30 bp) deletions would continue to express Hsv-tk, and therefore be eliminated by GCV selection. After 3 weeks of selection in GCV and G418, the transfected cells were single-cell cloned to obtain pure colonies; 58 GCV and G418 resistant colonies (termed as 6-1,2,3 etc.) were assayed for evidence of GCRs.
Screening strategy for analyzing GCRs generated by one DSB
We used Southern blot hybridization to distinguish clones which sustained an interstitial deletion from those that sustained more complex rearrangements, such as large insertions or translocations. To distinguish between these two events, we hybridized HindIII-digested genomic DNA from GCV r /G418 r clones with a chromosome 7 specific probe that hybridized upstream of the EF1α integration site (termed probe TV7), and a neo r gene specific probe ( fig.  1A ). Since HindIII does not cleave within the pEF1αTk construct, both probes should identify identical genomic DNA fragments if the clone had sustained an interstitial deletion. However, if a translocation or other GCR separated the 3′ and 5′ portion of the integrated construct, the two probes should hybridize to distinct genomic DNA fragments. Fig. 2 shows that most of the clones sustained an interstitial deletion as evidenced by fragments of identical sizes in the duplicate hybridizations. In some cases, one hybridization signal was lost, suggesting that a large deletion, presumably triggered by I-SceI cleavage between the hybridization target sequences, extended beyond the target sequence of the probe.
To investigate the mechanism of aberrant repair following I-SceI cleavage, we analyzed the nucleotide sequence flanking the I-SceI cleavage site in GCV resistant clones. We used a series of conventional and inverse PCR reactions to assess different regions of the integrated pEF1αTk vector ( fig. 1A ). Of the 58 clones isolated, four were shown to be a mixture of two independent clones, four clones were represented twice, and one clone was represented three times. Six clones showed no mutation of the region surrounding the I-SceI site. Of the 50 independent clones which exhibited mutations around the DSB site, 48 were shown by Southern blot and/or PCR, to have sustained an interstitial deletion of DNA flanking the ISceI site. Two clones lost the entire EF1α promoter and at least 1 kb of adjacent chromosome seven region, but retained the neo r gene downstream of the I-SceI site. To verify that the deletions were generated as a result of erroneous DSB repair, as well as identify any additional mutations (such as insertions, inversions, duplications) accompanying the deletions, we determined the breakpoint sequences of 38 independent mutant clones. In one case, due to a large insertion of vector sequences at the I-SceI site, we did not determine both ends of the deleted segment. Altogether, the nucleotide sequence changes from 37 mutant clones were completely characterized.
As shown in fig. 3 ., I-SceI mediated cleavage of the integrated pEF1αTk construct occurs at position 1352, between the 3′ end of the EF1α promoter (1304) and the first ATG codon of the HSV-tk gene (1359). Fine analysis of the deletions demonstrated that the pEF1αTk construct sustained asymmetric deletions following I-SceI cleavage. Upstream of the I-SceI cleavage site, towards the EF1α promoter, the mean size of the deleted segment was 442 bp. However, these deletions are unevenly distributed. A majority of the clones (19) sustained small deletions, shorter than 10 bp, whereas nine clones had deletions of 11-200 bp and nine clones had much longer deletions that averaged 1752 bp. The length of the deleted segments downstream of the I-SceI induced DSB, extending into the HSV-tk gene, showed a more uniform distribution. In contrast to the deletions involving EF1α, no deletion was shorter than 100 bp or longer than 1700 bp. Sixteen clones showed short regions of microhomology (1-6 bp) at the breakpoint junction ( fig. 3) , and a short palindrome sequence (4-8 bp) was found at the breakpoint of 14 clones, nine of which also showed microhomologies.
In addition to the deletions described above, some clones contained additional rearrangements in the region cleaved by I-SceI. The predominant type of additional event was a nucleotide insertion; 18 clones contained an insertion in the gap created by the deletion. These clones could be divided into several groups according to the characteristics of the inserted DNA segment.
Six clones showed insertions of only a few nucleotides, and it was not possible to determine whether these insertions were templated or not. A group of nine clones had short insertions of 11-24 bp. In these clones, the core of the inserted nucleotides was copied from either side of the breakpoint junction, creating either a direct (8 clones) or inverted (1 clone) repeat with the flanking sequences ( fig. 3 ) . Two clones contained complex rearrangements with insertions derived from the pEF1αTK vector. A single clone contained I-SceI expression vector sequences inserted at the breakpoint junction.
Modification of the experimental system
Following characterization of the clones described above, we modified the experimental system in an effort to identify GCV resistant clones that exhibited GCRs. We used different expression vectors (pCEP4-IsceI vs. pCBASce), varied the transfection conditions (shorter period of bulk culture) and, in some experiments omitted G418 from the selection medium. We recovered 76 additional clones (termed 5-1, 2 3, etc. and 29-1, 2, 3, etc.) from these experiments, and detected primarily interstitial deletions similar to those described above. We again found unequal deletions around the I-SceI cleavage site, the presence of short direct repeat sequences, and rare insertion events.
Five clones exhibited large insertions that matched gene segments from distant chromosomal regions; two additional clones sustained complex rearrangements involving DNA insertions from chromosome 7 regions adjacent to the pEF1αTk integration site (table 1) . The Southern blot hybridization pattern of clone 5-22 could not be explained by a simple deletion ( fig. 2 ) and was consistent with a chromosomal translocation, as unique HindIII fragments hybridized to probes Neo and TV7. PCR reactions revealed that this clone had retained the EF1α promoter, and sustained a short deletion of HSV-tk sequences. Inverse PCR reactions showed that EF1α promoter sequences immediately adjacent to the I-SceI site had been joined to a sequence of at least 982 bp derived from chromosome 15 α satellite centromeric repeat sequences, suggesting that this clone had sustained a chromosomal translocation. Of the clones that were completely characterized, 56% had interstitial deletions, 24 % had deletions accompanied by small (<30 bp) insertions, and 20% deletions accompanied by large (>30 bp) insertions.
Discussion
Imperfect repair of DSBs is thought to play an important role in generating GCRs associated with malignant transformation. To examine how DSBs might lead to GCRs, we investigated the outcome of DSB repair in the human monocytic cell line U937. To obtain a detailed analysis of repair events following a single, specific DSB, we induced DSBs with the I-SceI endonuclease. The simplest mechanism for repair of an I-SceI induced DSB is a perfect religation event, which would recreate an I-SceI recognition sequence that would remain susceptible to I-SceI cleavage. However, if the cleaved recognition sequence were repaired imperfectly, no further I-SceI cleavage would be possible, since the I-SceI recognition site would have been destroyed. We found that half (11/22) of the clones successfully transfected with an episomal I-SceI expression vector showed clear evidence of I-SceI cleavage, suggesting that I-SceI mediated cleavage of genomic targets was reasonably efficient.
To enrich for clones which may have sustained more extensive mutations (such as inversions, insertions, translocations, or large deletions) following repair of an I-SceI-induced DSB, we made use of the negative selection provided by the HSV-tk gene. Similar to prior reports that used rodent cells [3, 18] , we found that the most common mutation in the human U937 subclones that survived the GCV selection was an interstitial deletion, often accompanied by additional events (insertions, inversions, duplications). Many of the clones showed hallmarks of NHEJ, such as insertion of direct or inverted repeats or microhomologies at the breakpoints.
We recovered a total of fourteen clones that contained large segments of foreign DNA inserted at the I-SceI site, and a single clone (clone 5-22) with a rearrangement consistent with a chromosomal translocation. Four clones contained sequences from the I-SceI expression vectors, similar to previous reports [22] , and two clones contained chromosome seven sequences derived from regions near the pEF1αTK integration site. Of interest, eight clones contained DNA insertions that matched sequences from distant regions of the genome (table  1) ; seven of the eight insertion events involved known transcribed regions, suggesting two possibilities as to the source of these sequences. The inserted segments could have been derived from double-stranded DNA fragments, or DNA/RNA hetero-duplexes, as suggested for the vector capture events. In this scenario, RNA molecules may have served as a source of DNA "patches" via reverse transcription, as seen in endonuclease-independent LINE L1 retrotranspositions [23] [24] [25] . A second possibility is that distant genomic regions served as a template for these sequences. These segments could have been copied into the gap initiated by I-SceI cleavage or, alternatively, could have been excised from the genome and inserted at the breakpoint. Two of these eight insertions were likely the result of a three-way ligation, since the inserted DNA segments were derived from two distinct regions of the genome. In both instances, there were no sequence motifs shared between the two inserted sequences. Additionally, it is interesting to note that at least one inserted DNA segment (D4Z4) is associated with a known in-vivo genomic instability phenomenon. This sequence is found in tandem repeat on 4q35.2, a region that is thought to have been derived from an interchromosomal exchange with the nearly identical subtelomeric 10q26 [26] , and often participates in intrachromosomal recombinations that lead to repeat contractions [27] .
Although the mutations in this study took place within an artificial DNA construct, this type of faulty repair could easily lead to inactivation of tumor suppressor genes or the production of oncogenic fusion genes. For instance, a short interstitial deletion of the BRCA1 gene, which shows nucleotide sequence changes similar to those described here, leads to inactivation of the gene [28] , and insertions of AF5Q31 sequences within the MLL locus can lead to oncogenic MLL-AF5Q31 fusions [29] . The experimental system described here provides a platform useful for elaborating the mechanisms by which repair of DSBs by NHEJ may lead to fine and gross chromosomal aberrations.
Materials and Methods
Vector construction
pEF1α Tk was generated by digesting pEF1αNUPHOX (a pcDNA3 based vector containing a human EF1α promoter segment) with BamHI and NotI to remove the NUPHOX insert and to provide a vector with an EF1α promoter. The HSV-tk gene was amplified from the pTkNeo vector using primers Tkreverse (AATGCGGCCGCAGTTAGCCTCCCCCATCTC) and TkFwBamHI (AAGGGATCCTAGGGATAACAGGGTAATGGCTTCGTACCCCTGCCAT), with the latter primer containing an I-SceI recognition site immediately 5′ of the HSV-tk gene. The PCR product was digested with NotI and BamHI, purified, and ligated into the EF1α vector backbone. The pCEP4-IsceI plasmid was generated by cloning the 3Xnls-I-SceI fragment from the pPGK3XnlsI-SceI vector [30] , into the HindIII (blunted) and BamHI sites of the episomal expression vector pCEP4 (Invitrogen, Carlsbad, CA).
Transfections
The U937 human monocytic leukemia cell line (maintained in RPMI 1640, supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin and 100 μgml Streptomycin) was electroporated with ScaI linearized pEF1αTk using the Gene Pulser II electroporation system (Bio-Rad Laboratories, Inc., Hercules, CA), with pulses of 0.4 kV and 975 μF, and stable G418 R clones were isolated.
Transfections with vectors pCEP4-IsceI, pPGK3XnlsI-SceI or pCBASce [4] were performed using DMRIE-C reagent (Invitrogen, Carlsbad, CA The following selection conditions were applied: 40 μ M GCV, or 40 μM GCV and 400 μg/ ml G418 in transfections done with pCBASce; 200 μg/ml Hygromycin, 200 μg/ml Hygromycin and 20 μM GCV, or 40 μM GCV in transfections done with pCEP4-IsceI.
Conventional and inverse PCR
The PCR reactions indicated in fig. 1A were carried out using 100 ng of genomic DNA as template in the presence of 0.2 μM primers with either Takara LA Taq (PCR #2, 3) (Takara Mirus Bio, Madison, WI) or with PCR Supermix (reactions 1, 4 and 5) (Invitrogen, Carlsbad, CA), according to the manufaturers' recommendations. For inverse PCR reactions, 1 μg of genomic DNA was digested with either CfoI, HindIII or AluI in 100 μl. The samples were extracted with phenol-chloroform, ethanol precipitated, and self-ligated in 250 μl using T4 Ligase (Promega, Madison, WI). Fragments containing EF1α sequences were amplified in Supermix (Invitrogen) using primers designed for a nested PCR. Details of primer sequences and amplification protocols are available upon request.
Southern Blot analysis
Duplicate samples containing 10 μg of genomic DNA from GCV resistant clones were digested with HindIII, size-fractioned on 0.8% agarose gels, and transferred to a nitrocellulose membrane and hybridized to a chromosome 7 specific fragment (probe TV7; nuc 112330867-112331229) or a NcoI-SmaI G418 r fragment isolated from pPRC/CMV (Invitrogen, Carlsbad, CA). The fragments were labeled with 32 P using Ready-To-Go DNA labelling beads (Amersham Biosciences) and hybridized as previously described [31] . Final washing conditions were 0.1% SDS/0.1x SSC at 52°C for both probes.
Sequence Analysis
Nucleotide sequences were determined using an Applied Biosystems 3730 and compared to the human genome assembly (University of Santa Cruz July 2003 freeze, based on NCBI Human Genome Build 34) [32] . HindIII digested genomic DNA from individual clones hybridized to a neo gene specific (left panel) or a chromosome 7 (TV 7) specific probe (right panel). In most cases, the two hybridization signals are of the same size, indicating that repair of the DSB was accompanied by an interstitial deletion. In clone 5-4, the deletion extended beyond the neo R gene (verified by inverse PCR sequence analysis). In clone 5-22, the chromosome seven specific probe shows two signals of even intensity, neither of whose size corresponds to that of the neo specific signal (arrows). The endogenous chromosome seven signal is seen at 2.3 kb in all lanes. Size standards are in kb. 
